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1 Introduction
In the recent past, the development of new solder materials 
based on ternary Sn–Ag–Cu (SAC) alloys has frequently 
focused on minor additions of ceramic or carbon nanopar-
ticles as well as of transition metals in bulk and nanosized 
forms (Co, Fe, Mn, Ni, etc). A large number of research 
and review papers described the impact of dopants on the 
microstructure and physical properties of SAC solders 
in the liquid and/or solid state [1–20]. It was shown that 
minor insertions of additional elements modify the micro-
structure and improve different properties of SAC alloys. 
For instance, the authors of Refs. [6, 9–11] pointed out 
that additional Co, Ni or Zn atoms substituted Cu atoms 
in the  Cu6Sn5 phase and suppressed the formation of the 
brittle  Ag3Sn phase. Such structural changes improve both 
the microstructure and the mechanical properties such as 
microhardness and shear strength of doped SAC solders 
and their joints. However, it should be noted that in recent 
times the most popular way to reinforce SAC solders was 
the addition of ceramic nanoparticles into the SAC solder 
paste simply by mechanical mixing or by using the roll 
bonding procedure [12–17]. These minor (up to 1 wt%) 
additions of ceramic nanoparticles, such as  Al2O3,  TiO2, 
 ZrO2, etc., improve the microstructure and mechanical 
properties of solder joints. Furthermore, the roll bonding 
method permits to achieve uniformly dispersed interme-
tallic compounds (IMCs) in the solder matrix by crushing 
brittle  Ag3Sn and  Cu6Sn5 IMC crystals during the rolling 
process. Moreover, a recent study of nanocomposite SAC 
solders containing alumina nanoparticles coated with 0.1 
wt% Ni and prepared by melt spinning showed a clear 
reduction in the growth of IMCs [21].
It appears that Co is one of the most frequently investi-
gated nanosized metal admixtures added to lead-free SAC 
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solders. This fact is caused by a significant impact of minor 
amounts of nanoCo on the microstructure and physico-
mechanical properties of the solder matrix and the SAC/Cu 
joint [2, 7, 18–20]. For instance, minor nanoCo additions 
increased the wetting angle and decreased the spreading 
rate of SAC solder [2]. It was shown that the microhardness 
of the composite solder increased slightly with the addition 
of Co nanoparticles [2, 7]. Additions of Co nanoparticles 
affected the morphology of SAC/Cu joints after reflow and 
aging processes. In particular, the interfacial morphology 
of SAC-nanoCo/Cu joints changed from a scallop to a more 
planar type, and the  Cu3Sn IMC tended to be suppressed 
during high temperature aging [2, 18, 19]. Another possi-
bility is to mix nanoparticles with the flux [20]: incorpora-
tion of the metal nanoparticles (Co, Mo, Ni and Ti) into the 
flux affected the morphology and thickness of the interfa-
cial IMC at the solder/substrate interface and also the wet-
ting characteristics of the solder.
To our knowledge, the conventional planar flow casting 
method has not been applied to date to fabricate SAC based 
solders with nano-sized metal admixtures; up to now, Co 
nanoparticles were mainly mechanically mixed into SAC 
solder pastes. Therefore, the present study was dedicated 
to the suitability of the method for fabrication of nano-
composite SAC solders in the ribbon form as well as to the 
effect of nanosized Co admixtures on the electrical resistiv-
ity of Sn–3.8Ag–0.7Cu (wt%) (from now on SAC387) sol-
der. Furthermore, the microstructure of SAC387-nanoCo/
Cu joints after reflow was analyzed and the average thick-
ness of IMC layers at the interface solder/Cu was estimated 
for the investigated joints. Additionally, the shear strength 
and microhardness of the SAC387-nanoCo/Cu joints were 
investigated.
2  Materials and methods
The SAC387 alloy used as master alloy in the present study 
was prepared from silver casting grains (99.9% metal-
lic purity), tin ingot (99.998% metallic purity) and copper 
rod (99.9% metallic purity, all metals from Alfa Aesar, 
Karlsruhe, Germany). The samples were prepared by heat-
ing up to 1173 K accurately weighed amounts of pure com-
ponents (within ±0.1  mg) in evacuated and sealed quartz 
ampoules, and further aging at this temperature during 
2 weeks.
The composite (SAC387)100−x(nanoCo)x alloys were 
prepared by mixing SAC387 alloy with nominally 0.1, 
0.3, 0.5 and 1.0 wt% Co nanoparticles (~28 nm, 99.8%, 
IOLITEC GmbH, Heilbronn, Germany). Mechanical dis-
persion of nanoparticles in the master alloy was achieved 
by manual stirring of Co nanoparticles in the SAC387 
alloy for approximately 2–3  min at about 500  K. All 
operations with Co nanoparticles were performed in a 
glove box (M. Braun, LabMaster 130) under the atmos-
phere of purified Ar  (O2 and  H2O < 5 ppm each).
The powder XRD patterns were measured on a Bruker 
D8 diffractometer at ambient temperature using Ni fil-
tered  CuKα radiation (accelerating voltage 40  kV, elec-
tron current 40 mA). The diffractometer operated in the 
θ/2θ mode. The powder was fixed with petroleum jelly 
on a single crystal silicon sample carrier, which was 
rotated during the measurement. A Lynxeye strip detec-
tor was used as a detection unit. Indexing of the phases 
was supported by the Inorganic Crystal Structural Data-
base (ICSD). Rietveld refinement of the XRD patterns 
was done with the  Topas3® software provided by Bruker 
AXS.
Polycrystalline ribbons (6.6 × 10− 3 × 2.0  10− 5 × m) 
were produced by the planar flow casting (PFC) technique 
at a temperature of about 50  K above the melting tem-
perature of pure Sn (∼505 K) for few seconds on air with 
an estimated cooling rate of  106  K  s−1. As an example, 
Fig.  1 shows the shape of the (SAC387)99.5(nanoCo)0.5 
ribbon obtained using a binocular reflected light micro-
scope (Zeiss Axiotech 100).
The structure of the polycrystalline ribbons was ana-
lyzed by transmission electron microscopy (TEM) using 
a conventional JEOL 2000FX at 200 kV. The nanocom-
posite ribbons were investigated on a Cu grid coated 
with a carbon film. The images were taken in bright and 
dark field to identify the Co nanoparticles in the SAC387 
ribbon.
The electrical resistivity measurements were per-
formed on air using a four-probe method with a con-
tinuous heating/cooling rate of 5 K min−1. During these 
measurements, the samples were heated from room tem-
perature up to about 630  K using a planar furnace. The 
temperature dependence of the electrical resistivity was 
monitored in terms of the relative electrical resistiv-
ity [standardized ratio R(T)/R(T0 = 300  K) in air atmos-
phere]. All details of the measurement techniques can be 
found elsewhere [22].
The solder ribbons obtained by planar flow casting 
were used to produce solder joints: four pieces of the 
same ribbon, inserted one on top of each other, were 
placed between two circular copper plates with diameters 
Fig. 1  The shape of the as-solidified (SAC387)99.5(nanoCo)0.5 ribbon
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of 1.0 × 10−2 and 1.5 × 10−2 m, respectively. The Cu/sol-
der/Cu joints were prepared in an electric resistance fur-
nace at the temperature of 523 K for 300 s in air atmos-
phere (Fig. 2). Cross-sectional specimens were prepared 
from the solders by standard metallographic technique. 
It should also be noted that the procedure of using four 
pieces of the solder ribbon between the Cu plates to make 
a joint was selected for practical reasons: with the use of 
just one piece in between the Cu plates the solder trans-
formed into one single IMCs layer during reflow (Fig. 3).
An electron microscope JEOL 7600F was used for met-
allographic investigations. The excitation energy of the 
electron beam was 15–20 kV; backscattered electrons were 
detected in order to visualize the surfaces of the samples. 
The chemical analysis of the sample phases was performed 
using the energy dispersive X-ray technique (Oxford Instru-
ments 50  mm2 XMax silicon drift EDX) with the four 
characteristic spectral lines: K-line for Co, Cu and L-line 
for Ag, Sn. Standard deviations for the chemical composi-
tions obtained from EDX were about ± 1 at.%. The average 
thickness of the IMCs at the interface solder/Cu was calcu-
lated using the free software Digimizer which divided the 
area of the IMC layer by its length.
The shear strength of the joints was measured by a push-
off method (Zwick/Roell Z 100) employing a loading rate 
of 1 × 10−3  m  min−1. The microhardness tests were per-
formed using a Microhardness Tester FM-100. The square-
based pyramidal diamond was pressed using a force of 
0.049 N for a loading time of 10 s. The small area of the 
Vickers indentation tests made it possible to carry out a 
survey across the as-solidified joint. In our measurements, 
eight areas across each joint were tested to find an average 
value.
3  Results and discussion
3.1  Characterization of the SAC387 solder doped 
by Co nanoparticles
X-ray diffraction (XRD) was performed for as-synthe-
sized composite SAC387-nanoCo alloys to check that Co 
nanoparticles remained inside the alloy and did not react 
with the Sn-based matrix. Otherwise,  CoSn3 compounds 
should be formed during the mixing process. No traces of 
any Co-Sn compound were found in the pattern confirm-
ing that Co nanoparticles did not react to any appreciable 
extent with the semi-solid Sn-based SAC387 matrix during 
manual stirring.
Transmission electron microscopy (TEM) was used to 
confirm the evidence of nanosized Co particles in as-syn-
thesized composite SAC387-nanoCo ribbons. For this rea-
son, images were taken in two modes with bright and dark 
backgrounds facilitating the detection of Co nano-inclu-
sions in the alloy.
For instance, the high-resolution TEM images of the 
(SAC387)99.0(nano Co)1.0 ribbon performed both in bright- 
and dark-field modes confirmed the presence of Co nano-
particles in the SAC387 ribbons (Fig. 4). Thus, the struc-
ture analysis confirmed that the PFC technique can be used 
to produce the nano-composite SAC ribbons.
3.2  Effect of Co nanoparticles on the electrical 
resistivity of the SAC387 solder ribbon
As seen in Fig. 5, a good agreement between heating and 
cooling curves was observed for the solid SAC387 alloy: 
the heating curve shows values within 5% lower than the 
cooling curve. Our experimental results are also in sat-
isfactory agreement with literature data for a commer-
cial SAC387 alloy provided by the company “Métaux 
blancs ouvrés” [23] and a self-made SAC387 alloy [24]. 
Furthermore, the experimental value of the electrical 
Fig. 2  Reflow temperature profile of solder/Cu joint
Fig. 3  SEM micrographs (BEI) of as-solidified solder joints made 
from SAC387 ribbon
 J Mater Sci: Mater Electron
1 3
resistivity of the SAC387 solder at room temperature 
[ρ(TR) = 12.2 × 10−8  Ohm  m] is insignificantly lower than 
the recommended value for commercial SAC387 solders, 
which is equal to 13 × 10−8 Ohm m [25].
As mentioned above, the samples were overheated to 
about 630  K. It is suggested that during the first experi-
mental run the electrical resistivity, ρ(T), was actually 
measured in two different states: the first heating corre-
sponds to the composite SAC387 solders with nanosized 
Co inclusions; however, at higher temperatures, i.e., around 
490  K, the nanosized Co particles should be dissolved in 
the Sn-based matrix. According to Ref. [26], the melting 
temperature of nanocomposite (SAC305)100−x(nanoCo)x 
alloys up to 0.8 wt% nano Co is about 490 ± 1  K, which 
is in agreement with our assumption. Therefore, starting 
from the first cooling the electrical resistivity of quaternary 
(SAC387)100−xCox alloys was actually measured. Based on 
that, the temperature dependence of the electrical resistivity 
for SAC387 ribbons with Co additions in bulk and nano-
sized form was investigated (Fig.  6). The increase in the 
electrical resistivity with temperature for all investigated 
alloys can be approximated by the following polynomial,
Fig. 4  TEM images of the 
(SAC387)99.0(nanoCo)1.0 ribbon 
in bright-field (a) and dark-field 
(b) modes
Fig. 5  Temperature dependence of the electrical resistivity for the 
SAC387 alloy
Fig. 6  Temperature dependencies of the electrical resistivity for (SAC387)100x(nanoCo)x ribbons: a heating; b cooling
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where A, B1, B2 and B3 are fitting coefficients; T is the 
temperature in Kelvin (with the coefficients presented in 
Table 1).
As seen in Fig. 6, small additions of Co up to 0.5 wt% 
led to insignificant changes in the electrical resistivity of 
the SAC387 alloy. An increase of the nanoCo amount up to 
1.0 wt% led to an increase of the electrical resistivity of the 
SAC387 alloy, both in the original form (Fig. 6a) as well 
as after dissolution of the Co nanoparticles (Fig. 6b). This 
behavior complies with expected effects of solid solution 
alloying according to the Linde–Norbury rule [27]. Accord-
ing to this rule the effect of a solute on the electrical resis-
tivity of a solvent is caused by an additional lattice-scatter-
ing term, which should be proportional to the square of the 
valence difference between applied solute and solvent. It 
(1)휌 = A + B1T + B2T2 + B3T3,
means that, to a first approximation, Co admixtures should 
have a less pronounced effect on the electrical resistivity of 
βSn compared to Ag and Cu. Therefore, according to the 
Linde-Norbury rule, minor additions of Co should have a 
comparatively insignificant effect on the electrical resistiv-
ity of Sn. It should be noted that Co practically does not 
dissolve in pure Sn [28] while Co atoms substitute Cu in the 
 Cu6Sn5 compound and vice versa Cu atoms substitute Co 
in the  CoSn3 compound [26]. Furthermore, the presented 
electrical resistivity values for (SAC387)100x(nanoCo)x sol-
der ribbons are in agreement with results from Ref. [29]. 
where it was suggested that small amounts of a fourth ele-
ment added to the SAC alloy (in the order of 0.5 at.% or 
less) causes only minor changes in the electrical resistivity 
of SAC-X solder joints (where X = Co, Fe and Bi).
The difference in the electrical resistivity values of 
quaternary SAC387-Co alloys obtained during first 
Table 1  Fitting parameters of Eq. (1) for nanocomposite solders on first heating and for quaternary solders on first cooling
Sample (wt%) A  (10−8 Ohm m) B1  (10−10 Ohm m K−1) B2  (10−13 Ohm m K−2) B3 
 (10−16 Ohm m K−3)
First heating
 SAC387 −10.89 13.02 −25.00 24.67
 (SAC387)99.9(nanoCo)0.1 −9.40 12.25 −23.29 23.21
 (SAC387)99.7(nanoCo)0.3 −8.72 11.20 −19.16 19.20
 (SAC387)99.5(nanoCo)0.5 −18.20 20.52 −47.56 45.48
 (SAC387)99.0(nanoCo)1.0 −21.19 22.96 −52.85 50.16
First cooling
 SAC387 1.10 3.25 0.49 3.89
 (SAC387)99.9Co0.1 3.71 1.49 4.80 0.54
 (SAC387)99.7Co0.3 3.49 1.60 5.02 −0.19
 (SAC387)99.5Co0.5 0.22 4.05 −1.21 5.60
 (SAC387)99.0Co1.0 0.77 3.90 0.06 4.05
Fig. 7  Temperature dependence of the electrical resistivity for a (SAC387)99.9(nanoCo)0.1 alloy and b (SAC387)99.5(nanoCo)0.5 alloy
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cooling and second heating does not exceed 5%. As seen 
in Fig.  7a, b, the ρ(T) curves of (SAC387)99.9Co0.1 and 
(SAC387)99.5Co0.5 alloys corresponding to the second heat-
ing and the first cooling almost coincide.
Based on the presented data, it is suggested that minor 
additions of Co in nanosized form and as alloying element 
to SAC387 solders result in rather small changes in the 
electrical resistivity values (up to 7%). A similarly insig-
nificant influence of metallic and ceramic nano-sized parti-
cles on the electrical resistivity of the solder Sn–3.5Ag and 
Sn–3.5Ag–0.7Cu matrix at ambient temperature was also 
found in Ref. [30]. The apparent increase in the electrical 
resistivity, observed for the alloy with 1 wt% Co addition, 
could be explained by microstructure changes related to an 
increase of Co-containing (Co,Cu)–Sn IMCs in the alloy.
3.3  Morphology and growth of interfacial IMCs layer 
at the interface solder/Cu
The cross sectional micrographs of the as-reflowed 
(SAC387)100x(nanoCo)x/Cu joints (with x = 0; 0.1; 0.3; 
0.5; and 1.0 wt%) are shown in Fig.  8. The intermetallic 
compound  Cu6Sn5 formed the typical scallop type grains at 
the SAC387/Cu interface extending into the solder matrix 
(Fig.  8a). This discontinuous scallop-type IMC layer is 
caused by a rapid dissolution of Cu atoms from the sub-
strate into the molten solder [31]. Visually discovered black 
points within the IMC layer correspond to Kirkendall voids 
formed in the Cu–Cu3Sn and  Cu3Sn–Cu6Sn5 interfaces. A 
line-scan analysis of the SAC387/Cu joint confirmed the 
presence of a thin  Cu3Sn layer of about 0.3 µm at the inter-
face zone (Fig.  9), while the calculated average thickness 
of the entire  Cu6Sn5/Cu3Sn layer at the interface was about 
3.6  µm (Table  2). This is in agreement with our recent 
studies of the  Cu3Sn/Cu6Sn5 IMCs layer at the interface of 
SAC305/Cu solder joints [32].
Fig. 8  SEM micrographs 
(BEI) of as-solidified solder 
joints made from a SAC387; 
b (SAC387)99.9(nanoCo)0.1; c 
(SAC387)99.7(nanoCo)0.3; d 
(SAC387)99.5(nanoCo)0.5; e, f 
(SAC387)99.0(nanoCo)1.0
Fig. 9  SEM micrograph of an 
as-solidified SAC387/Cu solder 
joint together with the corre-
sponding concentration profiles 
for Ag (green), Cu (red) and 
Sn (blue) across interface and 
matrix by EDX line scanning. 
(Color figure online)
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Addition of nanoCo leads to substantial changes in the 
morphology of the IMC layer at the interface (Fig. 8b–e). 
The influence of Co nanoparticles on the growth of the 
interfacial IMC layers was also examined by estimating 
the total average thickness of this  Cu6Sn5/Cu3Sn layer for 
the investigated solder/Cu joints (Table 2). The addition 
of 0.1 wt% nanoCo led to an increase of the thickness of 
both  Cu6Sn5 and  Cu3Sn IMC layers with a transition from 
a discontinuous to a more continuous scallop-type form 
(Fig. 8b). With the presence of 0.3 wt% of nanoCo in the 
SAC387 solder, the morphology of the IMC layer started 
to change to a more planar shape (Fig.  8c). A more or 
less planar-type IMC layer at the interface solder/Cu was 
indicated for a solder with 0.5 wt% of nanoCo (Fig. 8d). 
At the same time, a decrease in the thickness of the 
 Cu6Sn5 and  Cu3Sn IMC layers could be observed for the 
solder joint with 0.5 wt% nanoCo compared to those for 
joints with 0.1 and 0.3 wt% of nanoCo (Table 2). Further 
increase of the nanoCo content up to 1.0 wt% led to a dis-
appearance of the continuous IMC layer. Instead, IMCs 
“islands” were formed at the interface solder/Cu (Fig. 8e, 
f). Due to these dramatic changes in the morphology it 
was practically impossible to estimate the average thick-
ness of IMCs along the interface. The presented results 
are in agreement with previous studies that reported a 
transformation of the interface IMC layer due to the addi-
tion of nano-sized Co forming (Co,Cu)6Sn5 IMCs [18, 
19, 33]. Furthermore, provided phase analysis for small 
areas on the SEM micrographs showed an evidence of 
Co both at the surface of IMCs layer and inside those for 
(SAC387)-(nanoCo)/Cu solder joints (Fig. 10).
The presented results indicate that nanoCo reinforce-
ments affected the total average thickness and the mor-
phology of the  Cu6Sn5/CuSn3 IMC layers at the interface 
of SAC387/Cu joints. The nature of these changes suggests 
that Co atoms concentrated on the surface of the IMC lay-
ers, producing (Co,Cu)6Sn5, which affected the shape of 
the IMC, whereas in the bulk solder the amount of  Cu6Sn5 
increased with a simultaneous reduction in size. That these 
suggestions are in agreement with results of Refs. [26, 34] 
indicating a catalytic action of Co for the nucleation of 
solidification in SAC solders.
3.4  Effects of Co nanoparticles on mechanical 
properties of SAC387 solder joint
The shear strength values of Cu/solder/Cu joints for indi-
vidual solders are given in Table 3. The shear strength of 
the joints increases continuously with increasing content 
of nanoCo (up to 0.3 wt%). As discussed above, the addi-
tion of 0.3 wt% of Co nanoparticles changes the shape and 
thickness of the interfacial IMC layer of the correspond-
ing solder joint obviously resulting at the same time in 
an increase of the shear strength. Surprisingly, a further 
increase of the nanoCo content up to 0.5 wt% led to a 
decrease in the shear strength, although it was expected that 
formation of a more planar-type IMC layer on the interface, 
accompanied by an increase in the layer thickness, should 
lead to an increase of the shear strength. However, a closer 
examination of the SEM micrographs indicated also cracks 
initiating near the IMC layer and propagating along a sig-
nificant part of the interface (Fig. 11). These cracks corre-
spond to the IMC fracture mode [35] and should lead to the 
observed deterioration in the shear strength below those for 
unreinforced SAC387 solder. Excess addition of Co nano-
particles (up to 1.0 wt%) abruptly decreased the thickness 
of the  Cu6Sn5/(Co,Cu)6Sn5/Cu3Sn IMC layers at the inter-
face resulting in a further decrease of the shear strength. A 
similar behavior of the shear strength for Sn–3.0Ag–0.5Cu/
Cu solder joints with minor nanoCo additions (up to 1.0 
wt%) was indicated in Ref. [2].
The microhardness of the solder joints increased 
slightly with the increase of the nanoCo content in the 
Table 2  The total average thickness of IMC layers at the interface 
solder/Cu






Fig. 10  SEM micrograph of 
an as-solidified (SAC387)-
(nanoCo)/Cu solder joint with 
0.5 wt% (a) and 1.0 wt% Co (b)
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(SAC387)100xCox/Cu solder joints from 19.8 VH for the 
SAC387 solder joint up to 21.5 VH for the joint with 0.5 
wt%. The microhardness was equal 21.0 VH for the joint 
with 0.1 wt% Co and 21.3 VH for the joint with 0.3 wt% 
Co. This enhancement is contributed to the dispersion of 
refined IMC particles in the solder matrix where Co nano-
inclusions acted as reinforcing centers. It is suggested, that 
the adsorption of Co nanoparticles on  Cu6Sn5 IMC grains 
forming (Co,Cu)6Sn5 IMCs reduces the surface energy 
of the grains resulting in the suppression of  Cu6Sn5 IMC 
growth and in an enhancement of the microhardness. Fur-
thermore, the refinement of the microstructure could also 
be due to the formation of new (Co,Cu)Sn3 IMC grains, the 
formation of which was also reported for (SAC305)100−xCox 
(x = 0–0.8 wt%) alloys in Ref. [26].
4  Conclusions
In the present work the solder joints were produced and 
investigated using nanostructured SAC387 ribbons with 
nanoCo inclusions of up to 1.0 wt%. The morphology of 
the Cu–Sn IMC layers at the interface of the SAC387/Cu 
joints changed from a discontinuous to a more continuous 
scallop-type shape with an addition of 0.3 wt% nanoCo 
resulting in an increase of the shear strength of the joints. 
Further additions of Co nanoparticles led to a practically 
full transition of the interface layer to a planar-type together 
with a decrease of the average thickness of IMC layers at 
the solder/Cu interface. However, the formation of cracks 
propagating along a significant part of the interface reduced 
the shear strength of the (SAC387)99.5(nanoCo)0.5/Cu con-
nection. In contrast, the microstructure and microhard-
ness of the bulk solder was continuously improved with 
further increases of nanoCo amounts up to 1.0 wt%. Such 
changes could be associated with the formation of (Co,Cu)
Sn IMCs in the bulk solder and at the interface of the sol-
der/Cu joints. Based on the present results it is suggested 
that SAC387 solders with 0.3 wt% of nanoCo in the rib-
bon form could be promising candidates for lead-free sol-
der applications. It is also shown that minor additions of Co 
nanoparticles have an insignificant impact on the electrical 
resistivity of the SAC387 solder.
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